A B S T R A C T Alterations in the liver microcirculation were characterized by use of the multiple-indicator dilution technique in 25 cirrhotic patients undergoing hemodynamic evaluation of portal hypertension. Hepatic vein outflow dilution curves were obtained after portal vein or hepatic artery injections of a vascular reference substance (labeled erythrocytes) and of diffusible substances (labeled albumin and sucrose). In 23 of these patients (19 with alcoholic cirrhosis and 4 with postnecrotic cirrhosis), unimodal erythrocytes and albumin curves were obtained; the immediately accessible albumin space ranged from normal values (that were substantially larger than the erythrocyte space) to low values (that were little larger than the erythrocyte space). In parallel with this, the hepatic extraction of indocyanine green decreased and was correlated with the albumin space (r = 0.821, P < 0.001). The form of labeled sucrose curves showed progressive changes indicating limited diffusion into the interstitial space. In contrast, bimodal curves were found in two patients (with macronodular cirrhosis); a large proportion of all labels appeared simultaneously in the early part of the outflow curves. Model analysis of the unimodal data indicated that the spectrum of findings could best be explained by progressive development of a barrier to exchange by progressive capillarization of the microvascular bed, and the form of the bimodal data suggested that large vessel shunting was occurring. Both changes, in turn, will contribute to the reduced extraction of protein-bound materials in cirrhosis.
INTRODUCTION
As cirrhosis of the liver evolves, portal hypertension appears and, concomitantly, disorders are found in the ability of the liver to both extract materials from the blood and synthesize biologically important substances. Initial attempts to examine events at the level of liver circulation have centered around the measurement of liver blood flow. Usually, the extraction of an organic anionic substance, such as indocyanine green (ICG),' is measured across the liver and from this and the infusion rate of the dye, the blood flow is estimated. Although the extraction of organic anions across the liver is high in normal livers, it is found to decrease in cirrhotic livers, sometimes to very low levels. This decreased extraction by the hepatocytes is not usually associated with changes in flow but correlates, rather, with a decrease in the Kupffer cell uptake of labeled albumin microaggregates (1) . It has therefore been hypothesized that these findings in cirrhotic liver could be explained by changes at the microcirculatory level (1, 2) such as capillarization (3) or intrahepatic shunts (4) .
We examined these possibilities by using the multiple-indicator dilution technique (5) in a group of cirrhotic patients who were undergoing hemodynamic assessment of portal hypertension. We characterized at the same time in these patients the hepatic vein outflow patterns resulting from portal vein or hepatic artery injection of labeled erythrocytes (RBC) and labeled plasma-dissolved substances. In the normal liver, plasma proteins such as albumin gain access to an extravascular space (the space of Disse) through fenestrae in and between the endothelial cells; this produces a major delay in, and decrease in magnitude of, the labeled albumin curve with respect to that of labeled ' Abbreviations used in this paper: ALB, albumin; DIF, diffusible substance; ICG, indocyanine green; P, peak; RBC, erythrocyte; SUC, sucrose; t, transit time; to, zero time.
RBC (restricted to the vascular space), which can be analyzed using a flow-limited model (5) . By contrast, in organs with a tight capillary circulation, where no significant albumin exchange occurs during the time of a single passage, the outflow dilution curve for labeled albumin is delayed only slightly in relation to the corresponding labeled RBC curve, by virtue of a minor intravascular separation process (6) .
In the cirrhotic liver, labeled albumin and sucrose dilution patterns were found that ranged from that expected for a more or less normal liver to configurations approaching those characteristic of a tight capillary circulation. These changes were correlated with a progressive decrease of the extraction of ICG by the hepatocytes and provide evidence indicating that abnormalities of liver microcirculation play an important role in the pathophysiology of liver dysfunction in cirrhotic patients.
METHODS
Multiple-indicator dilution studies were carried out in 25 cirrhotic patients (23 males and 2 females) admitted to SaintLuc Hospital (Montreal, Quebec, Canada), who were undergoing a hemodynamic evaluation of portal hypertension. 19 patients had micronodular cirrhosis, which is thought to result from chronic alcoholism, and six patients had postnecrotic cirrhosis. Liver biopsy showed no evidence for active alcoholic hepatitis and neither jaundice nor ascites were present at the time of the study. Laboratory data in the patients studied were as follows: the serum albumin ranged from 2.0 to 4.5 g/100 ml (3.06±0.60, mean±SD); the increment in prothrombin time above control time ranged from 0 to 4.5 s (1.60±1.02); and the total bilirubin content ranged from 0.35 to 2.00 mg/100 ml (1.20±0.47). The study had been approved by the local ethics committee and written informed consent was obtained from each patient. In 12 patients, right hepatic vein catheterization was performed 2 d after portal vein catheterization under fluoroscopic visualization (1) ; the tip of the portal catheter was positioned in the main portal vein, about 3 cm proximal to its bifurcation. In 13 patients, right hepatic vein catheterization was performed combined with a catheterization of the common hepatic artery by the Seldinger technique (7) . Whenever possible, the catheter was advanced beyond the take-off of the gastroduodenal artery under fluoroscopic visualization, using a minimal amount of radiopaque material.
With the catheters in place, an indicator dilution study was carried out by injecting blood containing tracer materials into the portal vein or hepatic artery and collecting serial samples from the hepatic vein. The injection mixture contained 5"Cr-labeled autologous RBC (2 gCi) and either '251-labeled (2 ,uCi) or 99mTc-labeled (2 MCi) albumin, in all instances, and 3H-or "4C-labeled sucrose (2 , uCi) , in 11 instances. The injection mixture was placed in a 2.0-ml flowthrough cuvette and, at a prearranged signal, was rapidly flushed (less than 1 s) into the portal vein or hepatic artery with 10 ml of heparinized blood or saline. Serial heparinized blood samples were collected from the hepatic vein catheter at rates of one sample per 1 or 2 s, with a peristaltic pump set to a fixed flow (the rates varied from 45 to 60 ml/min). The collecting system transit time was calculated from the sampling rate and the volume of the collecting system. Standards were prepared from the injection mixture by the addition, in serial dilution, of blood obtained from the outflow catheter before the experimental run. An aliquot of sample or standard was diluted with saline, and assayed in an automatic dual channel well-type scintillation-crystal spectrometer for gamma rays of the appropriate energy. Pure activity standards were used to calibrate crossover corrections and the activity in each sample due to each labeled species ascertained. Where labeled sucrose was used, samples were centrifuged, and aliquots of the supernatant were diluted with saline, pipetted into scintillation fluid, and assayed separately in an automated liquid scintillation counter for the beta activity emitted by the labeled tritium or carbon in the sample. In all sucrose studies, 99mTc albumin was used and a period of more than 10 half-lives was allowed to elapse before assay of the samples. Crossover standards indicated that no residual activity was present at this time.
The primary data to be dealt with in the indicator dilution studies are the outflow curves in the hepatic venous stream. To provide a basis for comparison between the tracers, the outflow activity was divided by the total amount injected (5) , yielding a pattern expressed in terms of outflow fraction per milliliter of blood (i.e., a reciprocal volume). The outflow dilution curves were corrected for recirculation by linear extrapolation of the downslope to infinity on a semilogarithmic plot, and the areas under time outflow fraction per milliliter curves were calculated. The outflow recoveries of various labels were calculated as the ratio of their areas to that of labeled RBC (5). The mean transit times (transit time [t]) were measured by the procedure described by Meier and Zierler (8) and corrected by subtraction for those of outflow collecting system transit times.
Calculations
Description of the model. Goresky (5) has shown previously in the normal dog liver that with a flow-limited linear two-compartment model, the extravascular volumes of distribution of diffusible substances (DIF) such as labeled albumin and sucrose can be estimated from the displacement of their hepatic vein outflow curve relative to that of the vascular reference substance (RBC).
The ratio of the extravascular distribution volume accessible to the DIF over the vascular distribution volume (YDIF) can be obtained from (1 + YDIF) values computed as the ratio of the peak RBC outflow fraction per milliliter to the peak DIF outflow fraction per milliliter (5) . Testing this flow-limited model, the form of the RBC curve beyond the time spent by labels in nonexchanging large vessels (zero time [to] ), could be reproduced from the albumin and sucrose curves by decreasing the transit time for each point of the DIF curve by the factor (1 + 'YDIF) and because the areas under normalized outflow curves were the same, by increasing its magnitude by the factor 1/(1 + _YDIF) (5) . These findings strongly support the hypothesis that the flow-limited model adequately describes the diffusion of labeled albumin and sucrose in the extravascular space in the normal dog liver. At the present time, no satisfactory alternate way of accounting for the behavior of the diffusible substances in the normal liver has been proposed.
In the normal dog liver circulation, with the flow-limited model, the volume of distribution of labeled RBC, albumin, and sucrose was found to increase in that sequence; the relative space accessible to albumin was much larger than the RBC space (5) . This contrasted with the behavior of labeled albumin in organs with tight capillary circulation, where its curve is only slightly delayed in relation to that of labeled RBC by virtue of minor intravascular separation probably due to interlaminar diffusion (9) . Application of the model. For each set of outflow dilution curves, the following data were calculated using the flowlimited distribution model. (to), which corresponds to the time spent by labels in the large vessels, was calculated according to the formula (5) , to = [tpRBC ( (10) . Flow values were not calculated from the dilution studies because, as we have previously reported (7), hepatic blood flow cannot be accurately estimated from dilution curves after portal vein or hepatic artery injections in cirrhotic patients.
Indocyanine green ICG studies were carried out in all but two of the patients. During a continuous infusion of dye (0.5 mg/min), samples were obtained from portal vein or hepatic artery and one hepatic vein (11) . The hepatic extraction was measured and, from the rate of infusion and hepatic extraction, we calculated the hepatic blood flow, assuming that dye was being removed only by the liver (11) . The portohepatic gradient was determined by measuring the difference between either free portal vein or wedged hepatic vein pressure and free hepatic vein pressure (7) . played characteristics that lead one to infer that the labeled RBC and albumin pathways were bimodal. These two studies will be discussed later.
Studies characterized by unimodal outflow dilution curves
Labeled RBC and albumin studies. In the 23 patients (19 with alcoholic cirrhosis and 4 with postnecrotic cirrhosis) with unimodal outflow dilution curves, the labeled albumin curve was displaced relative to that of labeled RBC as illustrated in Fig. 1 . After an initial delay the outflow fraction per milliliter curve for labeled RBC rises to an early and high peak and then decays monotonically, until the slope is interrupted by recirculation of activity; it is thereafter extrapolated. The values for labeled albumin are lower on the upslope, the peak is lower and later, and the downslope decays more slowly. Although the changes are of the same kind in each panel, the relative magnitude of the differences between the labeled RBC and labeled albumin curves is large in the left-hand panel (patient 3) and much smaller in the right-hand panel (patient 17). In four of the patients studied with the protocols described above (and in an additional four patients with micronodular cirrhosis) an open wedge biopsy obtained at surgery was prepared for light and electron microscopy. The tissue was fixed in phosphate-buffered 2% glutaraldehyde, postfixed in osmium tetroxide, dehydrated through alcohol, and embedded in Epon 812. Regenerative and normal trabecular areas of parenchymal tissue were selected by phase-contrast light microscopy. Thin sections of these areas were stained with lead citrate and uranyl acetate for electron microscopy and 35-mm pictures were taken with a Philips 201 electron microscope (Philips Electronic Instruments, Mount Vernon, NY).
RESULTS
All patients were in a stable hemodynamic condition at the time of the study. The results are presented in Table I . In 23 patients, unimodal labeled RBC and albumin curves, with smooth monotonically decreasing downslopes, were obtained. In two patients (Nos. 24 The transit time is corrected for input and outflow delays. The value tabulated is that resulting from a least-squares fit of the adjusted labeled albumin curve to the labeled RBC curve. AC, alcoholic cirrhosis; PNC, postnecrotic cirrhosis.
In the 23 patients, the outflow recovery of labeled albumin was 0.98±0.05 times that of labeled RBC, indicating that no labeled albumin was removed during a single passage through the cirrhotic liver.
The (1 + 'YALB [albumin, ALB]) values cover a wide range (Table I) . Whereas in the normal dog the (1 + YALB) value is of the order of 1.5 to 1.9, this value ranges from a maximum of 1.91 to a minimum of 1.09 in the cirrhotic liver. In two patients (Nos. 10 and 14), repeated dilution studies were carried out and the two successive (1 + YALB) values were nearly identical (Table 1 ). The calculated to was quite close to the point of appearance of labeled RBC, as occurred in the normal dog liver (5) , and the average coefficient of variation of the fit when the transformed labeled albumin curve was fitted to the labeled RBC curve was 0.067. The transformed labeled albumin curve did not differ from the labeled RBC curve systematically. The transformation was symmetrical, in the sense that when it was carried out in the opposite direction, to make the labeled RBC curve superimpose on the labeled albumin curve, the average relative degree of error (the coefficient of variation) was the same.
According to the flow-limited model, the delay in the transit time of labeled albumin relative to that of labeled RBC should be, for the 23 patients with unimodal curves, closely related to YALB. Fig. 2 illustrates the variation of YALB with this, expressed as the excess albumin transit time ratio, (tALB -tRBC)/tRBc; the variation is as expected. The data indicate that the displacement of the labeled albumin curve with respect to the labeled RBC curve is compatible with a flowlimited kind of behavior.
The data also clearly emphasize that a wide range of outflow dilution patterns can be obtained in cirrhotic livers: at one extreme, a pattern similar to that expected in the normal liver was found, with a large separation between the labeled RBC and albumin curves, and a large "YALB value; and, at the other end, the labeled albumin curve approached that for labeled RBC, and the 'YALB estimate became so small that its value suggested that the vasculature had so changed that it had become almost impermeable to albumin over the time of a single transit. Benhamou et al. (13) previously suggested this hypothesis to explain low YALB values in two of four cirrhotic patients.
Highly significant correlations were found between 'YALB and the ICG extraction (r = 0.821, P < 0.001) (Fig. 3) and between the excess albumin transit time ratio and the ICG extraction (r = 0.791, P < 0.001). As the extraction of ICG decreases, both the 'YALB and excess albumin transit time ratio are found to diminish. OIn the other hand, the relation between YALB and the portohepatic gradient is less close with a large scatter in the data (r = -0.551, P < 0.01).
Labeled sucrose studies. In 9 of these 23 patients, labeled sucrose curves were also obtained. Fig. 4 and 23), labeled sucrose curves exhibited displacements similar in kind; however, the delay in peak transit time was less than expected and the peak concentration was lower in magnitude than expected. A typical example is shown in the right-hand panel of Fig.  4 (patient 18). In two additional patients in whom the (1 + 'YALB) values were relatively low (patients 10 and 17), the sucrose curves exhibited a different and distinctive form; in each case the upslope was slightly delayed in relation to the labeled RBC curve, the labeled sucrose curve rose to a peak slightly lower and slightly ahead of that of the labeled albumin in time, and the downslope exhibited a biexponential character, the slower component of the downslope of the curve crossing that for labeled albumin. coholic cirrhosis (patients 14, 16, and 18), and one with postnecrotic cirrhosis (patient 24) , and also in four additional patients with micronodular alcoholic cirrhosis. A set of representative morphological findings is displayed in Fig. 8 .
In the biopsy specimens examined from patients with alcoholic cirrhosis, a stereotyped set of alterations was found in the microvasculature. Typically a micronodule exhibited a marginal regenerative area perfused with capillaries rather than sinusoids, and a central trabecular area in which sinusoids were present. The sinusoids were fenestrated in a normal fashion (Fig. 8A) , and exhibited the kind of structure that provides the morphological base for flow-limited distribution of diffusible labels. The capillaries exhibited a continuous endothelial lining lacking fenestra, supported by a basement membrane and collagenous tissue (Fig. 8B) . The continuous lining of the capillaries would be expected to form a permeability barrier and to be especially tight for labeled albumin and for protein-bound materials, such as ICG. The structure is such that, along a single vascular pathway, capillary and sinusoidal structures will be encountered in sequence. Variations in the degree of the capillary change would then be expected to produce a spectrum Of 'YALB and ICG extraction values and, in the highly capillarized extreme, to result in low 'YALB values and low ICG extractions.
Biopsy material fixed for electron microscopy was also available from patient 24, one of the patients with postnecrotic cirrhosis and bimodal dilution curves. The specimen showed, at lower power, broad bands of scars interspersed with large areas of normal sinusoids, in which, at high power, no capillary changes were found.
DISCUSSION
In the normal liver, plasma-dissolved substances gain access to the extravascular space (the space of Disse) through fenestrae in and between the endothelial cells; therefore the cell membrane is the only barrier between the plasma content and the interior of the hepatocytes. In the normal dog liver, by using the multiple-indicator dilution technique, the behavior of substances such as labeled albumin and sucrose into the extravascular space has been shown to be compatible with a flow-limited system, without significant limitation of the diffusion into their respective spaces of distribution (5) .
Using this technique, we have studied the hepatic microcirculation in a group of 25 cirrhotic patients. In 23 of these patients, unimodal outflow dilution curves were obtained, compatible in form with flowlimited distribution of labeled albumin into its space of distribution. However, there was a considerable variation in the space ratio values for albumin (7ALB), indicating that in some of the cirrhotic livers the space immediately accessible to labeled albumin has become progressively restricted. In a few of the cirrhotic patients, the relation between the outflow patterns for labeled RBC and albumin was similar to that observed in a tight capillary circulation such as heart and lung (6, 14) . In these other organs, the lining endothelium is continuous and not perforated; it is impermeable to labeled albumin over the time of a single passage transit. Consequently, in these organs there is only a minimal delay in, and decrease in magnitude of, the labeled albumin curve with respect to that of labeled RBC, due to intravascular separation (6) . In the cirrhotic patients with the lowest 'YALB values, we would therefore expect that virtually all the labeled albumin remained in the vascular compartment.
The relation between data obtained from the labeled RBC and albumin curves and the ICG extraction and portohepatic gradient was explored. Considering first the portohepatic gradient used as an index of the severity of portal hypertension, there was a tendency for the deviation of the 'YALB from the normal extreme to be small in patients with a low portohepatic gradient and large in those with a high portohepatic gradient, but there was a substantial scatter in the data. In contrast, there was a tight correlation between the decrease in "YALB and the decrease in extraction of ICG across the liver. ICG is bound to plasma proteins (15) and its extraction would be expected to be facilitated if the proteins carrying it were able to approach the sinusoidal surfaces of the liver cells (as is ordinarily the case). The (16) . In the low -yALB extreme, the form of the outflow curves was compatible with a major limitation to the diffusive exchange of labeled sucrose across the walls of the microvasculature. At the same time, the potential contribution of intrahepatic shunting to the present findings is difficult to appraise. However, a positive correlation would be expected between the (1 + 'YALB) and (1 + yp suc) values, if intrahepatic shunting was a major factor in the change in shape of both diffusible label curves. The relationship observed between (1 + YALB) and (1 + 'yp suc) values, shown in Fig. 6 , is more suggestive of a progressive limitation of diffusion of labeled sucrose into its space of distribution rather than shunting.
The general hypothesis that then arises from the data is that as cirrhosis evolves, a change in the microcirculatory bed occurs such that a second "barrier" acts to restrict the access of albumin and protein-bound substances, such as ICG, to the interstitial space while limiting the diffusion of sucrose into that space. Exchange in the cirrhotic liver then comes to resemble that found in other tissues with a tight capillary system (6, 17) .
The hypothesis of a functional two-barrier system is further strengthened by the ultrastructural alterations found in our patients and first described by Schaffner and Popper (3) , that in long standing cirrhosis, collagenization of the interstitial space and formation of a basement membrane at the margin of the microvascular channels occur, with subsequent capillarization of the hepatic sinusoids (3, 18) . These vascular changes tend to be regional, within the cirrhotic nodule (19, 21) ; in our biopsy studies we found that channels become capillarized in the pseudoacinar-regenerative areas at the periphery of the nodule and that the more normal sinusoidal sieve plates remained preserved in the center of the nodule. This kind of distribution provides a morphological base for the spectrum of changes observed. Capillarization presumably proceeds from the periphery to the center of the nodule as the cirrhotic process advances. Quantitative morphometric data will ultimately need to be secured to characterize this process. The task will be difficult, however, because a biopsy sample may not be representative of the entire liver, and transmission electron microscopic grids are so small that they often contain only a few microvascular channels.
In these studies the presence of intrahepatic large vessel shunting was not directly appraised by the simultaneous use of large labeled microspheres (22, 23) . Their existence could be expected to further exacerbate the functional effects of capillarization. In a large group of patients with alcoholic liver diseases, portal vein injection of 25-lsm microspheres indicated that an average of 12% of the blood was shunted through large vessels (22) . In another study involving five cirrhotic patients, Groszmann et al. (23) found shunt values ranging from 6 to 34% after injection of labeled microaggregates into the hepatic artery.
In our 25 studies, two sets of multiple-indicator dilution curves were bimodal, one in which a hepatic artery injection was used (patient 24) and the other in which a portal vein injection was used (patient 25). The anatomical basis for the bimodal curves was in each case macronodular postnecrotic cirrhosis (large bands of scars were present between the nodules in each case). We were able to analyze the bimodal curves (displayed in Fig. 7 ) only descriptively. In patient 24 , a smaller, and in patient 25, a larger, proportion of the early simultaneous components of the RBC and diffusible (albumin and sucrose) tracers appearing at the outflow had a conformation that may well represent tracers shunted through large vessels. The exact proportion is difficult to quantitate, because the displacement of the diffusible tracer from the vascular reference is such that some proportion of the tracer must also have come through poorly permeable exchanging vessels. Shunt vessels were probably present in the broad bands of scars but were not demonstrated morphologically. In terms of our overall results, we would expect that the large shunting effect reported by others (22, 23) would be particularly likely to occur in those patients who exhibit bimodal dilution curves.
Small shunts would not be easily discernible using the multiple-indicator dilution technique without adding large labeled microspheres to the other tracers. In studies with the lowest 'YALB, large vessel shunting, if present, and capillary throughput components may be so intimately intermixed that unimodal labeled RBC and albumin curves result; the presence and extent of the former needs experimental appraisal. Further systematic studies that include large labeled microspheres will need to be carried out in cirrhotic patients. In the last patient included in the present study (No. 23), a second set of indicator dilution studies was obtained after injection of labeled RBC and 99mTc-labeled albumin microspheres (20 ,m, 3M Co., 3M Center, St. Paul, MN) into the hepatic artery. In this patient, with unimodal RBC, albumin, and sucrose curves and an intermediate 'YALB, no 99mTc activity was recovered in the hepatic venous blood during the passage of labeled RBC. The study effectively demonstrates the absence of intrahepatic shunts larger than 20,um in this patient and introduces the possibility that shunts may not be present in appreciable proportion in the unimodal group.
Using the multiple-indicator dilution technique, we characterized events occurring in the microvascular bed of a group of cirrhotic patients and found major alterations in the liver microcirculation. The data are compatible with two kinds of alterations, capillarization of sinusoids with collagenization of sinusoids (that is, with imposition of a new barrier between vascular and interstitial spaces), and with intrahepatic shunts. The combination of these two kinds of alterations appears to account for the progressive limitation of exchange in the microvascular bed of the cirrhotic liver (24) . From the data it appears that capillarization and collagenization of hepatic sinusoids are of particular importance in alcoholic liver cirrhosis, and that large intrahepatic shunts might be more frequent in postnecrotic liver cirrhosis.
